Abstract The activities of thermodynamic components of clay minerals corresponding in composition to pyrophyllite, muscovite, paragonite, and margarite were computed from chemical analyses reported in the literature assuming ideal mixing of atoms on homological sites in the minerals. These activities were then used to generate stability fields for smectites, illites, and mixed-layer clays on logarithmic activity diagrams representing equilibrium among minerals and aqueous solutions at 25~ and 1 bar. Comparative analysis indicates that the approach affords close approximation of both mineral and water compositions in geologic systems.
INTRODUCTION
Logarithmic activity diagrams have been used extensively to interpret the chemistry of aqueous solutions coexisting with mineral assemblages in geologic environments. However, nonstoichiometric minerals such as illite and montmorillonite are commonly represented in these diagrams by either hypothetical end members or pseudostoichiometric analogs of natural solid solutions with specified compositions and discrete, standard molal Gibbs free energies of formation. The idealized stoichiometry assigned to these minerals dictates the intercepts and slopes of their stability field boundaries on activity diagrams, but the compositions of the minerals rarely coincide with those of their natural counterparts. As a consequence, the diagrams may be both unrealistic and misleading.
Although standard molal Gibbs free energies of formation from the elements for nonstoichiometric minerals with specified compositions have been measured experimentally (e.g., Kittrick, 1971; Routson and Kittrick, 1971 ) and estimated from cation-exchange data, water compositions, and corresponding states algorithms (e.g., Helgeson, 1969; Tardy and Garrels, 1974; Nriagu, 1975; Mattigod and Sposito, 1978; Merino and Ransom, 1982) , they are hardly representative of the wide spectrum of mineral compositions observed in nature, and in many instances their reliability is open to serious question. For example, R. M. Garrels (Department of Marine Science, University of South Florida, St. Petersburg, Florida, written communication, 1982) a Present address: Institute of Geology, University of Oslo, Oslo 3, Norway.
calculates that if an ideal solid solution consisting of 50 mole percent each of components designated by AX and BX dissolves in H20 until it reaches stoichiometric saturation, and if the equilibrium constants for AX = A + + X-and BX = B + + X-differ by two orders of magnitude, the absolute error associated with assuming that equilibrium has been achieved between A0.sB0.sX and the aqueous phase is of the order of 2.5 kcal/mole.
The limited utility of assigning standard molal Gibbs free energies of formation to solid solutions with given compositions is underscored by the fact that it would take an enormous number of such data to represent adequately the thermodynamic behavior of minerals of variable composition in geochemical processes. In contrast, mixing equations which take explicit account of both independent and coupled compositional variation on tetrahedral, octahedral, and exchange sites in minerals afford generality and allow accurate depiction on two-dimensional activity diagrams of the relative stabilities of naturally occurring multi-component minerals of highly variable composition (Helgeson and Aagaard, 1984) . The purpose of the present communication is to demonstrate the advantages of this approach by generating activity diagrams with the aid of random mixing approximations for equal interaction of cations on equivalent structural sites in illites, montmorillonites, and mixed-layer clays.
MIXED-LAYER CLAYS
Considerable evidence has accumulated in recent years suggesting that mixed-layer clays are not continuous solid solutions, but mixtures of dioctahedral phases, which themselves may exhibit only slight: compositional variation. Perhaps the most compelling evidence Copyright 9 1983, The Clay Minerals Society 207 of this kind can be adduced by comparing the distribution and character of authigenic illite and smectite in sandstones and shales. Discrete grains of authigenic illite and smectite (which may or may not contain illite interlayers) commonly occur in sandstones, where the illite bridges pore spaces and the smectite lines the walls of the pores (Wilson and Pittman, 1977; Welton, 1980) . In contrast, authigenic illite and smectite are intimately interlayered in shales, which exhibit random intrastratification ranging from -35 to 100% montmorillonite (Reynolds and Hower, 1970; Perry and Hower, 1970) . With increasing depth and temperature, the smectite interlayers react with K-feldspar and/or muscovite to produce progressively more illitic mixed-layer clays (Perry and Hower, 1970; Hower et al., 1976) . Under certain circumstances, extensive solid solution may occur in the smectite layers of mixed-layer clays, which may or may not be related to solid solution in the illitic layers (Velde, 1977) . The discrete distribution, and particularly the selective reaction of the smectite interlayers on a scale of tens of Angstrom units in shales suggest that at least in these cases the mixed-layer clays behave as mixtures of phases, rather than solid solutions. Despite the fact that the field and laboratory evidence adduced above indicate that mixed-layer clays commonly behave as polyphase aggregates, under other circumstances they may behave as solid solutions (Zen, 1962; Velde, 1977) . For example, the latter behavior might occur in the absence of K-feldspar or K-mica (see above) if the smectite and illite interlayers exhibit a homogeneous distribution with a stacking periodicity of the order of 10-50/~ or less. Because ultrafine interlayering on the scale of unit-cell dimensions is common in both shales and hydrothermal alteration zones (Page, 1977; Sudo et al., 1981) , it seems desirable to explore the thermodynamic consequences of compositional variation in clay minerals by first treating mixed-layer clays as though they behave as solid solutions. The solid solution model can then be compared with the thermodynamic consequences of regarding mixed-layer clays as polyphase aggregates to determine which approach better describes the behavior of the clays in geochemical processes. Truesdell and Christ (1968) and Stoessell (1979 Stoessell ( , 1981 adopted regular solution models to calculate the thermodynamic consequences of compositional variation in montmorillonites and illites, respectively. In contrast, Helgeson and MacKenzie (1970) and Tardy and Fritz (1981) regarded clay minerals as ideal solutions of thermodynamic components. An alternate frame of reference can be established to calculate the thermodynamic properties of clay minerals by assuming ideal mixing of atoms on equivalent structural sites in the minerals, which is the approach taken below. Local equilibrium constraints imposed by immiscibility in mixed-layer clays will be the subject of a subsequent communication.
(K,Na,Ca)(AI,Fe3+)2((AI,SI)4OIo)(OH)2 9 MONTMORI LLONI TE 0 MIXED-LAYER CLAY/ (K,Na,Ca)(AI,Fe3+)( M(:j,Fe2 +)(Si4010)(OH)~ w AI2Si4OIo(OH)2 Figure 1 . Compositions of clay minerals considered in the present study. The symbols represent data reported by Hower and Mowatt (1966) , Schultz (1969) , and Weaver and Pollard (1973) .
COMPOSITIONAL VARIATION AND SUBSTITUTIONAL ORDER/DISORDER IN CLAY MINERALS
The thermodynamic consequences of preferential site occupancy and mixing of atoms on crystallographic sites in clay minerals can be assessed by first computing site populations from chemical analyses of naturally occurring clay minerals reported in the literature (see below). A number of clay mineral compositions are shown in Figure 1 . For the most part the three types of clay minerals shown in the figure exhibit relatively discrete compositional ranges which are contiguous in the sequence montmorillonite, mixed-layer, clay, illite. Although the continuity of this sequence is not diagnostic with respect to whether mixed-layer clays consist of one or more phases (Zen, 1962) , montmorillonites, mixedlayer clays, and illites can be regarded for the purpose of demonstrating the consequences of ideal mixing of atoms on homological sites in clay minerals as members of a continuous solid solution series.
M6ssbauer data for illites and montmorillonites (Coey, 1975; Ericsson et al., 1977) indicate that in most dioctahedral clay minerals formed at or near 25~ the tetrahedral layers are completely disordered. X-ray powder and electron diffraction data indicate that the aluminum-oxygen and silicon-oxygen bond lengths in 2M mica components other than margarite, which exhibits complete tetrahedral order consistent with the aluminum avoidance principle (Guggenbeim and Bailey, 1975) , are all essentially equivalent (Zvyagin, 1967; Burnham and Radoslovich, 1964) . This observation suggests nearly complete tetrahedral disorder. Gatineau's (1964) arguments in favor of short-range tetrahedral order in layer silicates lead to inconsistencies with the aluminum avoidance principle. In addition, the ideal space groups of the 1M polytypes rule out tetrahedral order in celadonite and other 1M mica components. Site occupancy of aluminum in the clay minerals
The observations summarized above are consistent with conclusions reached from structure refinements of layer silicates by Smith and Yoder (1956) , Zvyagin (1967) , and others. Although Bailey (1975) questioned the validity of using ideal space groups in these structure refinements (and suggested that tetrahedral order may be more prevalent than previous studies indicate), it nevertheless appears reasonable to assume on the basis of all the various data currently available that in most cases tetrahedral disorder prevails in low-temperature layer silicates other than margarite and rare polytypes such as phengite 2M2 and muscovite 3T. This assumption is consistent with relatively rapid formation of the layer silicates in a metastable state of disorder.
M6ssbauer data and structure refinements indicate that of the three octahedral sites in layer silicates, the M(2) sites are homological, or nearly so. The M(1) sites are essentially vacant in the dioctahedral micas, but the M(2) sites in these minerals are completely filled. Relatively few spectral and/or structural data are available for clay minerals which can be used to calculate unambiguously site occupancies in montmorillonites, illites, and mixed-layer clays. As a consequence, site occupancies must usually be estimated from compositional data and idealized structural formulae. Site occupancies in the clay minerals considered in the present study were taken from Hower and Mowatt (1966) , Schultz (1969) , and Weaver and Pollard (1973) , who calculated the distribution of atoms among the exchange, octahedral, and tetrahedral sites from analytical data using the equations and approach summarized by Ross and Hendricks (1945) and Brown and Norrish (1952) . Independently determined cation-exchange capacities were taken into account in the calculations of exchange-site occupancies. In this way, ambiguities in the total site occupancy of the octahedral and tetrahedral layers (Hower and Mowatt, 1966) were minimized. Although a recent M6ssbauer study of clay minerals indicates that Fe 3+ may enter into tetrahedral coordination in montmorillonite (Ericsson et al., 1977) , all Fe 3+ was assigned by Hower and Mowatt (1966) , Schultz (1969) , and Weaver and Pollard (1973) to the octahedral layers. Errors arising from omitting provision for tetrahedral Fe 3+ introduce negligible uncertainties in the calculations presented below. Similarly, discrepancies introduced by slight partitioning of Fe z+ on the M(1) sites in montmorillonite (Ericsson et al., 1977) have only a minor effect on the thermodynamic behavior of the mineral.
Several criteria were used in the present study to select the most reliable computed site populations from among the many reported in the literature. Only those samples for which the weight percent of both FeO and Fe203 are given were accepted, and of these, only those for which the weight percent oxides sum to 100 +_ 3 were considered sufficiently well characterized for thermodynamic analysis. Total octahedral occupancy per gram formula unit was restricted to a range of 1.9 to 2.1 for illites and 1.95 to 2.05 for montmorillonites and mixedlayer clays. Illites were distinguished from montmorillonites and mixed-layer clays according to the percent expandable layers, which was taken to be <10 for illites, 10-65 for mixed-layer clays, and >65 for montmorillonites. The cation-exchange capacities of the montmorillonites considered in the present study are >90 meq/100 g.
Of the samples for which site occupancies were computed by Hower and Mowatt (1966) , Schultz (1969) , and Weaver and Pollard (1973) , 65 "representative', clay minerals met the criteria summarized above. These consist of 15 illites, 30 montmoriUonites, and 20 illite/ montmorillonite mixed-layer clays from a variety of geologic formations in various parts of the world ranging in age from the Paleozoic to Recent. Nevertheless, it can be seen in Figure 2 that all of the dioctahedral clay minerals can be characterized by assessing the distribution of AP + among the octahedral and tetrahedral sites. Note that tetrahedral site occupancy alone suffices to distinguish unambiguously montmorillonites from illites. Distinctions of this kind are also manifested by the activities of the thermodynamic components of clay minerals.
CALCULATION OF THE ACTIVITIES OF THE THERMODYNAMIC COMPONENTS OF CLAY MINERALS
The activity of the ith thermodynamic component of a solid solution (ai) can be computed from (Helgeson and Aagaard, 1984) 
s J
Note that only for a perfectly ordered component does !~-= 1. Activities of thermodynamic components corresponding in stoichiometry to pyrophyllite, margarite, paragonite, and muscovite (henceforth referred to as the pyrophyllite, margarite, paragonite, and muscovite components) computed from Eqs. (2) and (3) for the clay minerals discussed above are depicted in Figures 3 through 7. The specific statements of Eq. (3) are given by
and
where XV,A stands for the mole fraction of vacancies (V) on the A (exchange) sites, XC~,A, XNa,A and XK,A refer to the corresponding mole fractions of Ca, Na, and K on the A sites, XAI,T , XA1,T,, XSi,T , XSi;T2, and XAI,M(2 ) 
The dependence of the activities of the pyrophyllite and muscovite components of clay minerals on the mole fraction of aluminum on the tetrahedral sites in the minerals is depicted in Figures 3 and 4 . Although the symbols representing the various clay minerals in these figures are somewhat scattered (owing to the dependence of the activities on other site occupancies), in both cases they fall within discrete ranges (delimited by the dashed lines) which trend toward increasing aKAh(AlSi3Olo)~OHh and decreasing aAl~St~O,0~om~ with increasing XA~,T.
It can be seen in the activity diagram shown in Figure  5 that the calculated activities of the pyrophyllite and muscovite components of montmorillonites, mixedlayer clays, and illites fall into discrete contiguous fields which exhibit a systematic trend as a function of log aA12Si4Olo(OH) ~ and log aKAh(AlSi3Om)(OH) 2. In contrast, no monotonic trend is apparent in the distribution of the fields shown in Figures 6 and 7 , where log aA~st, O~o(OH~ activities of the thermodynamic components of the solid solutions referred to as illite, montmorillonite, and illite/montmorillonite mixed-layer clay. In this context they are used below together with the systematic trend of the fields in Figure 5 to delimit the stability fields of the various clay minerals on logarithmic activity diagrams depicting phase relations in the system K20-Na20-CaO-MgO-FeO-Fe203-A12Oz-SiO2-HCI-H20. 
ACTIVITY DIAGRAMS REPRESENTING EQUILIBRIUM AMONG CLAY MINERAL SOLID SOLUTIONS AND AN AQUEOUS PHASE
The activities of the thermodynamic components of clay minerals computed above, together with thermodynamic data for stoichiometric minerals and aqueous species taken from Helgeson et al. (1978) and Helgeson et al. (1981) were used to generate activity diagrams depicting stability fields of clay mineral solid solutions dynamic relations and procedure involved in constructing such diagrams have been discussed in detail by Garrels and Christ (1965), Helgeson et al. (1969) , and others.
Equilibrium phase relations among gibbsite, kaolinite, clay minerals, and an aqueous solution are depicted in Figure 8 , which was generated using the dashed Figure ll . Logarithmic activity diagram depicting equilibrium phase relations among clay mineral solid solutions, stoichiometric minerals, and an aqueous solution at 25~ 1 bar, and unit activity of HzO. The positions of the stability field boundaries were computed from thermodynamic data taken from the sources cited in the caption of Figure 9 (see text). Figure 9 . Logarithmic activity diagram depicting equilibrium phase relations among stoichiometric minerals in the system K20-AI2Oa-SiO2-HC1-HzO at 25~ 1 bar, and unit activity of H~O generated from thermodynamic data given by Helgeson et al. (1978) and Helgeson et al. (1981) . The dashed lines in diagrams A and B, respectively, correspond to contours of log at~t~(~tst~o~oxoa)~ and log aAizSi~o,o(ola)~ in clay mineral solid solutions (see texO. LOG Qsio2(oq) Figure 12 . Three-dimensional logarithmic activity diagram for the system represented in two dimensions in Figure 11 (see text and caption of Figure 11 ).
boundaries in Figure 5 to distinguish among the various classes of clay minerals. The overlapping stability fields in Figure 8 arise from the fact that only one of the thermodynamic components of the clay minerals (the pyrophyllite component) is considered explicitly in the diagram. If both aAl2ShO~o(OH>2 and aKAlz(AlSi~O,o)(OH~2 are taken into account, the overlap in the stability fields of the clay minerals disappears. Equilibrium among a clay mineral solid solution, an aqueous solution, and kaolinite can be represented by AlzSi4Oa0(OH)2 + H20 = A12Si20~(OH)4 + 2SiO2(aq). (10) Hence, for unit activity of A12Si20~(OH)4 and H20, log aAl, Si,O,o(Om, = 2 log asto,(.q) -log K (11) where K refers to the equilibrium constant for reaction (10). It thus foliows that any change in the activity of the pyrophyllite component of clay minerals in equilibrium with kaolinite is proportional to the change in the activity of aqueous silica in the coexisting aqueous solution. Similarly, because for the same equilibrium state, 2KA12(A1Si30~0)(OH)2 + 2H + + 3H20 = 3A12Si20~(OH)4 + 2K +,
it follows that log a~A~,(n~si~o,,)(om, = log(aK+/aH+) --0.5 log K, (13) which requires changes in the activity of the musco- LOG OSl O2i oq) Figure 13 . Correlation of log(as+/an+) and log asio~(aq) in interstitial waters in soils and sediments (symbols) with equilibrium phase relations among clay minerals, metastable disordered K-feldspar, and an aqueous solution at 25~ 1 bar, and unit activity of H20 (see text). The stability field boundaries were generated using thermodynamic data taken from the sources cited in the caption of Figure 9 .
vite component of clay minerals to be proportional to corresponding changes in aK+/aH+ in the aqueous phase, tn all cases, the activities of the pyrophyllite, muscovite, and other components of the clay minerals can be cast in terms of the activities of SiO2(aq) and the cations in the coexisting aqueous phase. The geometric consequences of these relations are shown in the logarithmic activity diagrams depicted in Figures 9 and 10. Contours of aKAIdAISI~OIo)(OH)~ and aAl~Si4O~0(oH)~ , respectively, are shown in Figures 9A and 9B, whch are superimposed in Figure 10 . Line NN'
in Figure 10 designates log(aK+/aH+) and log asio~ (aq) in aqueous solutions coexisting with clay minerals in which Iog ((aKAI~(AlSi30, dOH) 2)2/(aAL~Si40~o(OH)z) 3) is constant, which is consistent with 2KAIz(A1Si3010)(OH)2 + 2H + + 6SiOz(aq)
for which log(aKJaa+) = log aKAIz(AISi3Olo)(OH) z -1.5 log aAL2Si40,o(OH)z
where K refers to the equilibrium constant for reaction (14). Points N and N', respectively, refer to a clay mineral with a particular composition in equilibrium with kaolinite (N) or K-feldspar (N') and an aqueous phase, but intermediate points along line NN' correspond only to equilibrium between an aqueous solution and clay minerals for which (aKAL(AISi30,0)(OH)2)2/ (aA12Si, Ot0(OH)~) 3 is constant.
The intersections of the two sets of contours in Figure 10 correspond to coordinates in Figure 5 . Taking account of these intersections and the dashed lines in Figure 5 leads to the stability fields for the clay minerals shown in Figure 11 , where it can be seen that kaolinite, gibbsite, or K-feldspar and a given type of clay mineral The variability of the solution composition in these threephase stability fields arises from two-dimensional representation of equilibrium in a multicomponent system. Note that the dashed lines in Figure 11 , which separate the clay mineral designations, are not meant to imply discontinuities in the clay mineral solid solution series (see above). Three dependent variables are specified implicitly by the equilibrium phase relations shown in Figure 11 .
These are aAl~Si, O,gO~h, aKAh(AlSi~O,oXOH)~ and aAp/aH+ 3. For example, values of log(aK+/aH+) and log asio,(~) corresponding to a given point in regions A, B, C, or D in Figure 11 , together with Eqs. (11) and (13) specify corresponding values of aAl2Si4OlotOH)2 and aKAlz(AlSieO~0)(OH) e. Note that it follows from A12Si4010(OH)2 + 6H + = 2AP + + 4SiO2(aq) + 4H20,
that log(aAp+/aH § is specified (for aa,o = 1) by log(ana~+/au& ) = 0.5 log aAhsqo,o~Oa & --2 log asm#~q) --0.5 log K,
where K represents the equilibrium constant for reaction (16).
The relation of log(aAp/aa+ 3) to log(aK+/aw) and log asio2(a~) in Figure 11 is depicted in Figure 12 , where NN' again represents a line of constant (aKAlz(AlShOto)(OHh)2/(aA12Sia(ho(OHh) 3. Note that in Figure 12 the clay minerals and the aqueous phase coexist in volumes of the three dimensional diagram, which is a consequence of the additional degrees of freedom (in the phase rule) represented by the activities of other components of the clay minerals.
The nonsystematic distribution of the data shown in Figures 6 and 7 leads to complicated and somewhat confusing activity diagrams with multiple overlapping fields in tog(aN jam) vs. log asio~(aq) and log(aca, § z) vs. log asio2(aq) space. As a consequence, these diagrams have little practical value, which led to their omission from the present communication. Because the phase relations depicted in Figures 11 and 12 take into account implicitly all of the thermodynamic components of clay minerals, the activity diagrams shown in the figures suffice to describe equilibrium among these minerals, and aqueous solutions in a wide variety of geologic environments. The compositions of the clay minerals and coexisting aqueous solutions can be calculated numerically with the aid of equations summarized elsewhere (Helgeson and Aagaard, 1984) .
Interpretation of phase relations
Values of log(a K+/a H § and log a sio~(aq) computed from the compositions of interstitial waters reportedly coexisting with kaolinite and/or montmorillonite are shown in Figure 13 , where it can be seen that most of the symbols fall in the mixed-layer clay stability field. Kinetic barriers may be responsible for much of the scatter (Dibble and Tiller, 1981) , which could simply represent a myriad of metastable quasistatic states (Thorstenson and Plummer, 1977; Garrels and Wollast, 1978; Helgeson and Murphy, 1983) . Although differences in sample temperatures of as much as 15~ cannot explain the apparent contradictions, the discrepancies could arise from several other sources. For example, the standard molal Gibbs free energy of formation of muscovite used to generate the activity diagram in Figure 13 represents the ordered 2M1 polytype, but most low-temperature authigenic illites correspond to metastable disordered 1Ma micas (Velde and Hower, 1963) . No thermodynamic data are available for disordered 1Ma muscovite, but it would not be unreasonable in view of the thermodynamic consequences of substitutional disorder in alkali feldspars (Hovis, 1974; Thompson et al., 1974; Helgeson et al., 1978) to expect the standard molal Gibbs free energy of the disordered 1Ma polytype to be of the order of 2 kcal/mole less negative than that of the ordered 2M1 polytype. This would have the effect of expanding the stability fields of kaolinite and montmoritlonite at the expense of those for illite and mixed-layer clays, respectively, by 1.5 log units in log(aK+/an+). However, log(aK+/aH § corresponding to the coexistence of K-feldspar and illite would be lowered by 0.75 log units. As a consequence, the stability field of illite would be reduced considerably in size, as shown in Figure 14 . Although Figure 14 is more consistent with the water compositions represented by the symbols in Figure 13 , it can be argued that the small stability field of illite in Figure 14 is inconsistent with the common occurrence of the mineral in the geologic record. On the other hand, with the exception of high-temperature (100~ data (Merino and Ransom, 1982) , no compositions are available in the literature for waters that are known to coexist with illite.
The positions of the stability field boundaries shown in Figures 8 through 14 differ significantly from those of corresponding boundaries generated by Lippmann (1979) , who used a set of thermodynamic data which is internally inconsistent. The coexistence of quartz and pyrophyllite in Lippmann's diagrams is incompatible with all of the pertinent experimental data cited by Helgeson et al. (1978) . Although disordered K-feldspar is metastable with respect to microcline at 25~ and 1 bar, it was used to generate Figures 13 and 14 because most authigenic K-feldspars that are formed at low temperatures exhibit substitutional disorder (Kastner, 1971) . The dearth of reliable thermodynamic data for phillipsite, clinoptilolite, and erionite precludes provision for these minerals in the diagrams. However, disordered K-feldspar can be regarded for the sake of the present discussion as a proxy for potassium zeolites, which are also almost certainly metastable with respect to ordered K-feldspar under near-surface conditions (Hay, 1977) .
It can be deduced from Figures 13 and 14 that montmorillonite is incompatible with aqueous solutions that are in equilibrium with quartz at 25~ This observation apparently applies to all temperatures below -200~ In contrast, both illite and K-feldspar may coexist with quartz. As a consequence, if local equilibrium is established between quartz and the interstitial waters in shales undergoing burial, montmorillonite would be expected to react with K-feldspar to produce illite and quartz. In other cases, montmorillonite may react with muscovite to form illite, quartz, and kaolinite (Hower et al., 1976) . In any event, regardless of whether mixed-layer clays are polyphase aggregates or solid solutions, the incompatibility of montmorillonite and quartz affords ample Gibbs free energy drive to promote diagenetic conversion of detrital smectite to illite with increasing burial.
The discrepancies between the compositions of waters reportedly coexisting with montmorillonite and the equifibrium values of log(a~+/artO and log asiodaq ~ corresponding to the montmorillonite stability field in Figure 13 could be a consequence of the metastable persistence of montmorillonite in geologic systems. It may well be that the outer surfaces of the montmorillonite grains in contact with the waters shown in Figures 13 and 14 have been converted to mixed layer clays in local equilibrium with the aqueous phase, but the amount formed is so minor that it escaped attention (Berner, 1971 It can be seen in Figures 13 and 14 that the bulk of the data reported by Norton (1974) and Feth et aL (1964) are consistent with kaolinite coexisting with montmorillonite or mixed-layer clays. In contrast, the water analyses reported by Stanley and Benson (1979) are compatible with K-feldspar coexisting with montmorillonite or mixed-layer clays. These associations are in general agreement with the geologic settings represented by the samples. For example, Stanley and Benson's (1979) analyses are of waters associated with alteration of feldspar to montmorillonite and/or mixedlayer clays.
CONCLUDING REMARKS
Despite the fact that assuming ideal mixing of atoms on homological sites in clay minerals takes no account of immiscibility or changes in solvation of the interlayer cations (Garrels and Tardy, 1982) as a function of composition, the equations and calculations summarized above afford reasonable approximation of observed phase relations among clay minerals and aqueous solutions in geologic systems. It thus appears that higherorder mixing models such as the regular solution approach taken by Garrels and Christ (1965) , Truesdell and Christ (1968) , and Stoessell (1979 Stoessell ( , 1981 are unnecessary to achieve quasi-agreement between calculated and observed mineral and fluid compositions. However, because of the scatter in the data, none of these compositions is definitive with respect to whether mixed-layer clays behave as solid solutions or polyphase aggregates in geochemical processes.
